INTRODUCTION
Proteins and peptides are hydrolyzed by proteolytic enzymes while traversing the G.I. system to finally reach the intestinal absorptive membrane either as readily absorbable amino acids or as short peptides [ 11. Uptake of the short peptides into the intestinal microvillus cells is accomplished by the peptide carrier transport system and is restricted to dipeptides *Paper presented at the Second International Symposium on Disposition and Delivery of Peptide Drugs (F.I.P. Satellite Symposium) held at Leiden, The Netherlands, l-3 September 1989. *To whom correspondence about this paper should be addressed.
and tripeptides. Larger peptides are hydrolyzed by the brush border enzymes before being absorbed as tripeptides, dipeptides or amino acids. The peptide carrier is distinct from the amino acid transport carriers. The small peptide carrier transports dipeptides and tripeptides of different amino composition and is versatile towards many structure modifications as will be shown in this paper. Nevertheless, this peptide carrier has not yet been described in a way that enables structure-uptake relationship prediction.
Many peptide drugs which are derivatives of dipeptides and tripeptides are absorbed in a facilitated manner via the peptide carrier-mediated transport system [2-121. Unlike large peptide and protein drugs, which are highly susceptible to proteolytic enzymes and are currently administered parenterally, small peptide or peptide-like drugs are more suitable for oral administration.
Non=passive transport can provide an efficient route for absorption for these compounds which are generally charged or zwitterionic at the physiological pH and may not readily penetrate the lipophilic intestinal membrane.
Transport via the peptide carrier-mediated system is a saturable and concentration dependent phenomenon which is characterized by the Michaelis-Menten constants K, and JmaX (or V,,,). Uptake inhibition by other compounds transported by the peptide carrier is typical of this type of carrier-mediated transport. Although apparent competitive inhibition seems to occur, the inhibition mechanism for peptide drugs has not yet been extensively studied.
Passive transport of peptide derivative drugs may occur simultaneously with a non-passive transport and it is proportional to the relative hydrophobic character of the compound. While passive transport may take place along the entire intestine, nonpassive transport via the peptide carrier may exhibit a site-specific absorption profile due to the localization of the carrier to the small intestine.
The in situ jejunal perfusion or ex uivo jejunal rings and everted intestine have been frequently employed to characterize carrier-mediated transport. Varying drug concentrations are used to detect Michaelis-Menten uptake behavior and to define the transport parameters, K, J,,, and P, (J,,,/K,).
Transport inhibitors are studied in order to validate nonpassive transport and explore its mechanism. The penicillins which are D (Ala)-D (Ala) analogues were the first peptide drugs identified to be transported non-passively in the intestine by the peptide carrier-mediated transport system. Subsequently, the absorption mechanism of other fi-lactams was recognized to involve a nonpassive transport [ 2-71. Other groups of bioactive compounds absorbed in a non-passive manner are thyrotrophin-releasing hormone (TRH ) and its analogues which are tripeptide and tripeptide derivatives [ 81 and alafosfalines which comprise a unique group of antibiotics undergoing hydrolysis concurrently with absorption by the peptide carrier transport system [9] . More recently, several angiotensin converting enzyme (ACE) inhibitors which are dipeptide and tripeptide derivatives were shown to be transported by the intestinal peptide carrier-mediated transport system and their transport profile and Michaelis-Menten parameters were defined [ 10-121.
In this paper the carrier transport parameters L, Lax and J,,,/K, (P,) for the /3-lactam antibiotics and ACE inhibitors are reviewed and compared in order to initiate a structure-absorption characterization of the intestinal small peptide carrier-mediated transport system.
TRANSPORT PARAMETERS FOR SMALL PEPTIDE DRUGS
Detailed transport parameters are available for several hydrolysis stable dipeptides, P-lactam antibiotics and ACE inhibitors. The transport parameters are the permeability parameters PC and P, for non-passive (carrier ) and for passive diffusion transport pathways, respectively and the maximal transport rate V,,, (or J,,,) and the Michaelis-Menten constant, K,, for non-passive transport. The data presented in Table 1 are transport parameters derived from in situ single-pass rat perfusion applying the boundary layer solution for estimation of the aqueous permeability [ 
131.
The interaction between the peptide and the carrier is a primary factor in the nonpassive or facilitated transport phenomenon.
Unlike the more specific amino acid carriers identified, the peptide carrier transports a variety of di-and tripeptides composed of different amino acids and peptide-like drugs which bear various substitution groups and which are not necessarily natural peptides by their chemical structure.
Although some evidence for the existence of multiple peptide carriers has been recently published [ 141, it has not been confirmed and so remains to be resolved. The parameters presented in Table 1 for peptide transport demonstrate different "affinities" of the peptide for the carrier as well as variability with respect to stability against enzymatic hydrolysis. For example, carnosine (P-Ala-His) is very stable against enzymatic hydrolysis and therefore was extensively studied [ 31.
It is difficult to compare non-passive transport parameters measured by different laboratories due to differing experimental approaches and methods for the calculation of JmaX. Since J,,, and J,,,/K, may be calculated for a specific amount of dry or wet tissue weight, protein or intestinal length or surface area, a simple transformation and matching of the data is impossible. We will focus on results from our laboratory for consistency [5,6,10-121.
MACROSCOPIC CORRELATION
The transport parameters for several acid stable p-lactam antibiotics are presented in Table 1. The carrier permeability parameter, e or S,,,/K,, is relatively constant for these D-lactam antibiotics while Jkax and Km vary more significantly. The Km and S,,,, as summarized in Table 1 , for the different P-lactams are correlated in Fig. 1 with the maximal plasma levels, C,,,, in humans after a 500 mg oral dose. The C,,, values in Fig. 1 are the mean values of the reported maximal plasma levels [ 151. A significant correlation between Km and C,,, after oral administration of the different /3-lactams is observed. The maximal plasma concentration, C,,,, after a 500 mg oral dose for several j?-lactams increases as Km increases. Since P,, also increases proportionally, J*,/K, will not change significantly between the various P-lactams studied and the permeability constant of the carrier may therefore be assumed relatively constant. From this correlation it can be concluded that the maximal flux or the carrier ca- as derived from in situ jejunal rat perfusion versus mean reported maximal plasma concentration (C,,,) after 500 mg oral administration of /I-lactams in humans.
pacity for the specific p-lactam has the highest impact on the absorption process and subsequent human plasma levels. Higher capacity low-affinity /?-lactams are better absorbed. This correlation is further supported by the fact that higher doses do not always produce a proportional area urider curve (AUC ) for the p-lactams with low K,, while only a very slight trend towards non-linear pharmacokinetics is reported for /?-lactams with K, above 4.0 mM. As the K, and S,,, increase, it is less likely for the drug to saturate the carrier. Beta-lactams with low K, and dose dependent bioavailability include ampicillin and cyclacillin and those with relatively higher Km include cephradine, cephalexin and cephadroxil. The latter group, with relatively high S,,, and Km, are completely absorbed in humans, while amoxicillin and cyclacillin are not. tine is the rate limiting factor for bioavailability. The carrier permeability, J~,,/K,, is 2.0 +-0.1 for captopril, enalapril and SQ 29,852 and is lower, 0.39, for lisinopril. The low capacity and carrier permeability of lisinopril results in lower non-passive permeability and poor bioavailability. A more general relationship between fraction of dose absorbed in human and rat jejunal permeability parameters has been published elsewhere [ 161.
Apparently two distinct drug carrier affinity profiles are observed: the p-lactams transport parameters show consistently high capacity and low affinity to the carrier while the ACE inhibitors show low capacity and high affinity. The kinetic mechanism that accounts for this difference is yet unknown. 
STRUCTURAL CONSIDERATIONS
The "peptide" nature of cephradine, enalapril and TRH is demonstrated in Fig. 3 by a comparison of their chemical structures to the tripeptide, Phe-Ala-Pro. The /3-lactams and ACE inhibitors which are absorbed by the peptide carrier-mediated transport system are dior tripeptide derivatives having at least one peptide bond and a free terminal carboxilic acid. Although a second peptide bond and an amino terminal or an a-amino group exist in most /?-lactams as in tripeptides, it is not a prerequisite for facilitated absorption, as can be seen from the non-passive absorption of the ACE inhibitors which are lacking a second peptide bond or a terminal amino group [ 10,121. Recently, a /3-lactam antibiotic without an a-amino group, cefixime, has also been shown to be non-passively absorbed [ 71. Furthermore, the ACE inhibitors enalapril and lisinopril have only the amino residue of the second amino acid group while SQ 29,852 is totally devoid of a second peptide bond (which is replaced with a phosphonic group) yet still exhibits non-passive absorption [ 11,121.
The nature of the side chains of the amino
acids comprising the peptide drugs is also important for drug-carrier recognition and facilitated absorption. Numerous series of ACE inhibitors with rings of varying size replacing the proline side chain or different second or third amino acid side chains have been synthesized in order to obtain orally active ACE inhibitors [ 17-201. A notable inconsistency between in vitro ACE inhibition and oral activity of the various derivatives prevails throughout the different series of ACE inhibitor analogues synthesized. The best intravenous or in vitro ACE inhibitors are not necessarily the most potent orally [ 17-201. Although the inconsistency between in vitro ACE inhibition and oral activity among these derivatives hints towards facilitated absorption, no evidence for facilitated absorption has yet been published for most of the orally active ACE inhibitors. Considering their zwitterionic nature and the cumulative data on the non-passive absorption of peptide drugs, it may be hypothesized that those which are orally active are absorbed in a facilitated manner. However, oral activity by passive diffusion only may be the case for those zwitterions have large dominant hydrophobic residues such as in fosinopril [ 111. Further characterization of the structural requirements of the peptide transporter will considerably aid in the development of small peptides with high oral efficacy.
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